Polarization of eukaryotic cells requires organelles and protein complexes to be transported to their proper destinations along the cytoskeleton [1] . When nutrients are abundant, budding yeast grows rapidly transporting secretory vesicles for localized growth and actively segregating organelles [2, 3] . This is mediated by myosin Vs transporting cargos along F-actin bundles known as actin cables [4] . Actin cables are dynamic structures regulated by assembly, stabilization, and disassembly [5] . Polarized growth and actin filament dynamics consume energy. For most organisms, glucose is the preferred energy source and generally represses alternative carbon source usage [6] . Thus, upon abrupt glucose depletion, yeast shuts down pathways consuming large amounts of energy, including the vacuolar-ATPase [7, 8] , translation [9] , and phosphoinositide metabolism [10] . Here we show that glucose withdrawal rapidly (<1 min) depletes ATP levels and that the yeast myosin V, Myo2, responds by relocalizing to actin cables, making it the fastest response documented. Myo2 immobilized on cables releases its secretory cargo, defining a new rigor-like state of a myosin V in vivo. Only actively transporting Myo2 can be converted to the rigor-like state. Glucose depletion has differential effects on the actin cytoskeleton, resulting in disassembly of actin patches with concomitant inhibition of endocytosis and strong stabilization of actin cables, thereby revealing a selective and previously unappreciated ATP requirement for actin cable disassembly. A similar response is seen in HeLa cells to ATP depletion. These findings reveal a new fast-acting energy conservation strategy halting growth by immobilizing myosin V in a newly described state on selectively stabilized actin cables.
Polarization of eukaryotic cells requires organelles and protein complexes to be transported to their proper destinations along the cytoskeleton [1] . When nutrients are abundant, budding yeast grows rapidly transporting secretory vesicles for localized growth and actively segregating organelles [2, 3] . This is mediated by myosin Vs transporting cargos along F-actin bundles known as actin cables [4] . Actin cables are dynamic structures regulated by assembly, stabilization, and disassembly [5] . Polarized growth and actin filament dynamics consume energy. For most organisms, glucose is the preferred energy source and generally represses alternative carbon source usage [6] . Thus, upon abrupt glucose depletion, yeast shuts down pathways consuming large amounts of energy, including the vacuolar-ATPase [7, 8] , translation [9] , and phosphoinositide metabolism [10] . Here we show that glucose withdrawal rapidly (<1 min) depletes ATP levels and that the yeast myosin V, Myo2, responds by relocalizing to actin cables, making it the fastest response documented. Myo2 immobilized on cables releases its secretory cargo, defining a new rigor-like state of a myosin V in vivo. Only actively transporting Myo2 can be converted to the rigor-like state. Glucose depletion has differential effects on the actin cytoskeleton, resulting in disassembly of actin patches with concomitant inhibition of endocytosis and strong stabilization of actin cables, thereby revealing a selective and previously unappreciated ATP requirement for actin cable disassembly. A similar response is seen in HeLa cells to ATP depletion. These findings reveal a new fast-acting energy conservation strategy halting growth by immobilizing myosin V in a newly described state on selectively stabilized actin cables.
Results and Discussion
Myo2 Relocalizes Rapidly to Actin Cables in Response to Glucose Depletion In rapidly growing yeast, Myo2 transports secretory vesicles to sites of cell growth before being deactivated for another cycle of delivery [11] . As a result Myo2-GFP is seen enriched in the buds of growing cells ( Figure 1A ). However, when cells growing in a synthetic complete medium (SC) containing 2% glucose were transferred to water, Myo2-GFP redistributed within 1 min to form fiber-like structures (Figure S1A available online). Myo2 also redistributed when cells were shifted to SC lacking glucose ( Figure 1A ; Movie S1) and repolarized rapidly upon glucose restoration ( Figure 1A ; Figure S1A ; Movie S1). Additionally, the redistribution of Myo2-GFP is glucose level dependent ( Figures S1B and S1C) . Double label and latrunculin (LatA) sensitivity shows that Myo2 is redistributed to actin cables upon glucose deprivation ( Figures 1B and 1C) . When cells were transferred from SC containing 2% glucose to SC containing 2% galactose, Myo2 relocalized to actin fibers within 1 min ( Figure 1D ). However, when cells were grown in a medium containing 2% galactose, Myo2 was still polarized after galactose depletion ( Figure 1E ). Under all conditions tested, when Myo2 relocalized to fibers, these corresponded to actin cables ( Figures S1D and S1E) . Thus, Myo2 relocalization to actin cables is a specific and very rapid response to deprivation of glucose.
Yeast cells respond to glucose depletion in two distinct ways. First, glucose repression and derepression regulate many downstream effectors at transcriptional levels, and more rapidly at posttranslational levels [6] , with the activity and localization of some proteins being regulated by phosphorylation within 5 min after glucose deprivation [12, 13] . Myo2 redistributed upon glucose deprivation in cells lacking the glucose sensor Gpr1 or the suppressor Bcy1, ruling out regulation by the cAMP pathway ( Figure S1F ). Second, glycolysis provides metabolites and ATP, so glucose depletion is likely to lower ATP levels before alternative carbon sources can be metabolized. To further determine which of these effects contributed to Myo2-GFP relocalization, we used the analog 2-deoxyglucose (2-DG) that is transported into cells, becomes phosphorylated by hexokinase, and causes glucose repression but cannot be further broken down by glycolysis to yield ATP [14] (Figure 2A ). When cells were transferred from SC with 2% glucose to SC with 2% 2-DG, Myo2-GFP redistributed to actin cables within 1 min ( Figure 2B ), indicating that Myo2-GFP relocalization is not due to glucose derepression. Moreover, Myo2-GFP redistributed when cells were transferred to 0.5% glucose and 1.5% 2-DG, but remained polarized in a medium with just 0.5% glucose ( Figure S1G ). Since 2-DG is phosphorylated at the expense of ATP, and 2-DG-6-phosphate is a competitive inhibitor of glucose-6-phosphate for phosphoglucose isomerase, addition of 2-DG rapidly shuts down the glycolytic supply of ATP. Our results show that Myo2-GFP redistribution upon glucose depletion correlates with a reduction in ATP supply. The state of Myo2 visualized upon rapid glucose depletion has not previously been seen and provides a simple assay for the specific and rapid nontranscriptional response to sudden glucose depletion.
Myo2 Localization Correlates with Intracellular ATP Level
In cells abruptly depleted of glucose, or switched from glucose to galactose, ATP levels dropped more than 80% within 2 min, whereas when cells growing in galactose were deprived of this carbon source, ATP dropped less than 40% ( Figures 2C and  S1H) . In hxk2D cells, lacking the major glucose kinase, ATP dropped less than 40% during the 15 min time period following glucose depletion, and Myo2-GFP remained polarized (Figures S1I and S1J). Therefore, Myo2-GFP relocalization to actin cables correlates with a drop in the intracellular ATP level.
After the initial drop of ATP upon glucose depletion, ATP is gradually restored to 50% of its previous level over the next 15 min. This result paralleled the release of Myo2-GFP from cables to gradually become diffuse in the cytoplasm within 30 min after glucose depletion ( Figure 2D ), while actin cables were still present ( Figure S1K ). In cells transferred to a medium containing 2% 2-DG, the ATP level remained less than 5% of its preshift level ( Figure 2C ) and Myo2 remained associated with actin cables for at least 50 min ( Figure 2D ). Thus, Myo2 dissociates from actin cables when the ATP level recovers.
Where does the ATP come from after glucose depletion? A likely source is by utilization of reserve glycogen or trehalose [15] . In cells unable to utilize trehalose by deletion of the trehalase enzyme (nth1D), recovery of ATP levels following glucose depletion was unaffected ( Figure 2E ). By contrast, in cells lacking glycogen phosphorylase (gph1D), which cannot utilize stored glycogen, or in gsy1Dgsy2D cells, which cannot accumulate glycogen because of the absence of glycogen synthases (Figure 2A ), ATP levels hardly showed any recovery over 15 min ( Figure 2E ). Thus, ATP is restored by utilization of glycogen after the depletion of extracellular glucose.
To test directly how ATP levels affect the localization of Myo2-GFP, we developed a cell model to experimentally manipulate cytosolic ATP. Myo2-GFP remained polarized in yeast cells permeabilized with 0.01% digitonin in SC supplemented with 15 mM ATP. When permeabilized yeast cells were switched to a glucose-depleted medium with 15 mM ATP, Myo2-GFP was still polarized ( Figures 2F and 2G ).
However, when both ATP and glucose were depleted, Myo2-GFP redistributed to cables within 1 min ( Figures 2F-2H ). After redistribution to cables by ATP depletion in the permeabilized cell model, Myo2-GFP is repolarized to the bud upon subsequent addition of 15 mM ATP ( Figures 2F and 2G ). Therefore, Myo2-GFP localization is directly regulated by the intracellular ATP concentration.
Glucose Depletion Converts Myosin Vs to a Rigor-like State with Dissociation of Secretory Vesicle Cargo
Myosin family members share a similar mechanism of ATP hydrolysis, actin binding, and force transduction, so we examined the effect of glucose depletion on the other myosins in yeast. The class I myosins, Myo3 and Myo5, involved in endocytosis [16] , and the single class II myosin, Myo1, involved in cytokinesis [17] , did not redistribute upon glucose deprivation, whereas the class V myosin, Myo4, involved in polarized transport of cargos [18] redistributed to cables like Myo2 (Figure S1L) . Thus, myosin Vs, but not other yeast myosins, relocalize to actin cables upon glucose depletion.
When ATP is exhausted, the conventional myosin crossbridge cycle arrests in a rigor state with the ADP-bound head strongly bound to F-actin. To test if Myo2-GFP bound to the actin cables is in a rigor-like state, we used fluorescence recovery after photobleaching to investigate the dynamics of (legend continued on next page) cable-associated Myo2-GFP after glucose depletion. In cells growing in the presence of glucose or shortly after glucose depletion, medium buds were selected and photobleached. The fluorescence of Myo2-GFP recovers quickly in cells containing glucose, while almost no recovery was observed in those deprived of glucose ( Figure 3A) . In addition, when a bar was photobleached across cable-bound Myo2-3GFP, the bleached region did not migrate or recover for at least 45 s ( Figure 3B ), indicating that in glucose-depleted cells, Myo2 is associated with actin cables in a rigor-like state and that the actin cables are no longer treadmilling.
When Myo2 becomes immobilized on actin cables after glucose depletion, bud-oriented transport of cargos by Myo2 is predicted to stop. Secretory vesicles marked with GFPSec4 are highly polarized in rapidly growing cells. Upon glucose depletion, GFP-Sec4 labeled vesicles became depolarized in 3 min, not colocalizing with Myo2 on actin cables but largely free in the cytoplasm ( Figure 3C ), indicating that relocalized Myo2 is unable to bind secretory vesicles. As a more sensitive test to see if Myo2 releases secretory vesicle cargo upon glucose deprivation, we made use of the conditional exocyst mutant sec6-4 shifted to the restrictive temperature where secretory vesicles marked by GFP-Sec4 and Myo2 hyperaccumulate [11] . Under these conditions, upon glucose deprivation, GFP-Sec4 is dissociated from Myo2 ( Figure 3D ). In addition to Sec4, Myo2 interacts with exocyst component Sec15 and trans-Golgi-associated Rab Ypt32 [19, 20] . Upon glucose deprivation, Myo2 also dissociates from both of these partners ( Figures 3E, 3F, and S2A ). This release is unlikely to be an indirect effect on GTP levels of the Rabs Ypt32 and Sec4, as similar redistribution is seen in the Sec4 RabGAP mutant msb3D msb4D ( Figure S2B ). Moreover, when growing cells were treated with LatA for 3 min, polarized vesicle transport was also abolished because of the loss of actin cable tracks, but Myo2 was found associated with GFP-Sec4 on secretory vesicles regardless of the presence or absence of glucose ( Figure 3C ; Movie S2). Thus, the disassociation of secretory vesicles from Myo2 is induced by Myo2 immobilization on actin cables. Additionally, we also examined other essential cargos transported by myosin V. Similarly, Mmr1-GFP, a mitochondrial receptor for Myo2 that is usually polarized with Myo2 at the site of growth, became depolarized and colocalized with mitochondria upon glucose depletion ( Figures S2C and S2D) . Thus, glucose depletion induces active Myo2 to bind strongly to actin cables and release at least some of its cargos.
The Rigor-like State of Myo2 Requires Prior Activation by Cargo Myo2 is activated by binding to secretory cargo and then transports the cargo along actin cables. When the secretory pathway is blocked, as occurs in sec23-1 cells at the restrictive temperature where export from the endoplasmic reticulum is inhibited, Myo2 is inactive and diffuse in the cytosol [11] . In sec23-1 cells at 26 C, Myo2-GFP was polarized to growth sites in the presence of glucose and relocalized to actin cables upon glucose depletion ( Figures 3G and 3H ). However, after shifting to 35 C for 45 min, Myo2-GFP was depolarized and failed to associate with actin cables upon glucose depletion ( Figures  3G and 3H) , showing that only active Myo2 can be relocalized. The inability of Myo2 to associate with cables in the sec23-1 mutant is not due to a higher ATP level, as the profile of ATP level decrease in sec23-1 cells is indistinguishable from that in wild-type cells ( Figure S2E) . Additionally, when secretory vesicle formation was disrupted by adding 150 mM brefeldin A for 30 min, Myo2-GFP became depolarized and again failed to associate with actin cables upon glucose withdrawal (Figures S2F and S2G) .
To explore this relationship further, we examined the response of the conditional tail mutant myo2-13 that is defective in binding secretory vesicles at the restrictive temperature and polarizes to the bud tip because it is constitutively active [11, 21] . After shifting myo2-13 cells to the restrictive temperature, Myo2-13-GFP formed fibers upon glucose depletion in the presence (SEC23) and absence (sec23-1) of secretory vesicles ( Figures 3I and 3J ). Further, a Myo2 motor mutant myo2-66, defective in binding actin cables at the restrictive temperature [22] , failed to form fibers after glucose withdrawal at 35 C ( Figures 3K and 3L ). By contrast, expression of a Myo2 C-terminal truncation lacking the cargo-binding region formed fibers upon glucose depletion, as did a construct with the motor domain and lacking both the dimerization and cargo binding domains ( Figures 3M and 3N) . Thus, only active Myo2 can be redistributed to actin cables upon glucose depletion.
In summary, these data now establish three states for myosin V in vivo: (1) an inactive state, which is diffusely localized and free of cargo, (2) an activated state, which is triggered by cargo binding [11] , and (3) the new rigor-like state described here, which is immobilized on actin cables having released its secretory vesicle cargo. Importantly, the new rigor-like state is only accessible to myosin V that is active. The inactive state may correspond to a folded structure as seen for mammalian myosin V where the tail binds the motor domain [23, 24] . Thus, we propose the following molecular mechanism: upon ATP reduction, inactive Myo2 remains cytosolic and does not bind actin cables, whereas active Myo2 relocalizes and binds tightly to actin cables, and this induces a conformational change in the tail to release its cargos. It is interesting, and surprising, that inactive Myo2 fails to be converted into a rigor-like state by ATP depletion. The reason could be that inactive Myo2 is stably folded in such a way that the Myo2-ADP state does not have access to actin cables.
ATP Depletion Disassembles Cortical Patches and Stabilizes Actin Cables
An additional surprising aspect uncovered upon glucose depletion was the stability of the cables to which Myo2 binds ( Figure 3B) . A previous study showed that 30 min after glucose depletion, actin cortical patches become depolarized [25] , but (C) (legend continued on next page) interpretation of this result is complicated by the partial restoration of ATP levels by this time ( Figure 2C ). We therefore investigated how actin structures are affected immediately after the acute drop of ATP following glucose depletion. Compared with glucose-replete cells, almost no actin patches are observed immediately upon glucose depletion, and the remaining few are much less motile ( Figure 4A ; Movie S3), and endocytosis of the marker FM4-64 is compromised ( Figure 4B ). Actin patches recover as ATP is restored ( Figure 4A ; Movie S3). Similarly, when labeled with Abp1-GFP, an actin patch marker, both the density and movement of actin patches were decreased in cells transferred to a medium lacking glucose or supplemented with 2-DG (Movie S3). Thus, upon reduction of ATP, the actin associated with endocytosis is disassembled.
In growing cells, actin cables are continually assembled and disassembled, with lifetimes of about 1-2 min [5] . Upon glucose depletion, actin cables are not disassembled but become more prominent ( Figures 1B, 4A , and S3A). The turnover of cables can be assessed by the addition of 150 mM LatA, with cables disappearing within 3 min in cells growing in glucose. Upon glucose depletion, actin cables are resistant to disassembly in 150 mM LatA ( Figures 4C, 4D , and S3B). Cells pretreated with LatA were not able to reassemble cables after glucose depletion ( Figure S3B ). Additionally, actin cable stabilization is not likely due to glucose signaling pathways, as wildtype cells treated with 2-DG ( Figure S3B ) or gpr1D or bcy1D cells depleted of glucose ( Figure S3D ) all have stable actin cables. Therefore, glucose depletion and the associated drop in ATP inhibit the disassembly of actin cables.
To further investigate the mechanisms of actin cable stabilization, we examined protein factors that might be involved. Tropomyosins stabilize actin cables, but not patches [4, 26] . After shifting to the restrict temperature for 1 min, no actin cables can be found in growing tpm1-2 tpm2D cells. When tpm1-2 tpm2D cells were transferred to a medium containing 2% 2-DG for 1 min and then shifted to 35 C for 5 min, cables were still observed ( Figures 4E and 4F ), indicating that tropomyosin is not necessary to stabilize cables upon depletion of ATP. Formins specifically nucleate and elongate actin cables, and cables are lost in the conditional bni1-11 bnr1D cells after a shift to the restrictive temperature for 1 min [27] . After switching to a medium containing 2% 2-DG, actin cables can still be observed in bni1-11 bnr1D cells at 35 C ( Figures 4E and 4F ), indicating that actin polymerization is not necessary for cable stabilization. Additionally, it has been shown that myosin V contributes to actin cables organization in fission yeast [28] . Since Myo2 is immobilized on actin cables upon glucose depletion, it is possible that Myo2 helps to stabilize them. Therefore, we examined the stability of actin cables in myo2-66 mutant cells in which Myo2-66 is unable to bind actin at the restrictive temperature. When myo2-66 cells were transferred to a medium containing 2-DG at 35 C, actin cables were still present and resistant to LatA treatment ( Figures  S3D and S3E ). These data indicate that tropomyosins, formins, and Myo2 are not required for actin cable stabilization upon glucose depletion.
The actin cytoskeleton is highly dynamic in growing cells, mediated in large part by the severing and depolymerizing activity of cofilin [29] . Moreover, it is known that tropomyosin stabilizes actin cables by competition with cofilin [30] . Thus, the finding that rapid glucose depletion disassembles cortical patches yet stabilizes actin cables even in the absence of functional tropomyosin is astonishing. To explore if there may not be sufficient cofilin to disassemble both patches and cables, we examined the effect of enhancing cofilin expression on the presence of cables after glucose depletion. Remarkably, the actin cables are resistant to additional cofilin ( Figures  S3F and S3G) . Thus, the stability of actin cables following glucose withdrawal implies that they may be selectively stabilized by some factor, or a normal ATP-dependent disassembly process is inhibited, or both. In any case, the stability of these cables reveals that the present knowledge about actin turnover in vivo is quite incomplete.
Next, we explored how glucose depletion affects the dynamics of F-actin in higher eukaryotic cells, such as HeLa cells. As most tumor cells depend heavily on glycolysis as their major energy source [31] , we transferred cells to a medium containing 2-DG as this condition allows us to deplete intracellular ATP rapidly ( Figure 4G ). When cells were transferred to a medium with 2-DG but no glucose, they initially shrank in size (Figure 4H) and microspikes, labeled with GFP-LifeAct, could be observed at the cell periphery ( Figure 4I ). Interestingly, actin bundles in these ATP-depleted cells are very stable, as actin filaments were still largely present 30 min after LatA treatment while glucose-replete cells rounded up and most actin bundles disappeared within 10 min after LatA addition ( Figure 4I ). These data indicate that depletion of ATP stabilizes actin bundles in HeLa cells, just as it does in yeast cells.
Yeast in nature is subject to constant nutritional fluctuations and is highly adapted to survive upon nutrition starvation [32] . We postulate that the rapid response to decreased ATP observed in this study is an adaption to glucose deprivation. Changes in intracellular ATP may contribute to general regulatory mechanisms for energy conservation under starvation conditions. For instance, by immobilizing Myo2 onto actin cables and halting actin cable assembly upon glucose depletion, yeast cells immediately conserve energy normally used for polarized transport. Although ATP levels recovered by >50% after 15 min, Myo2 is still largely depolarized. However, actin patches reappear as ATP recovers, indicating that activation of Myo2 requires a higher intracellular ATP level. Thus, we propose that for energy conservation during starvation, only necessary processes are reactivated and have access to the limited ATP available, while nonessential pathways are turned off until the stress is relieved.
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